in the setting of Env vaccination was dominated by gp41-reactive antibodies derived from Env-IM cross-reactive B cells.
RESULTS:
We found that vaccine-induced antibodies to HIV-1 Env dominantly focused on gp41 compared with gp120 by both serologic analysis and by vaccine-Env memory B cells sorted by flow cytometry (see the figure) . Remarkably, the majority of HIV-1 Env-reactive memory B cells induced by the vaccine produced gp41-reactive antibodies, and the majority of gp41-targeted antibodies used restricted immunoglobulin heavy chain variable genes. Functionally, none of the gp41-reactive antibodies could neutralize HIV, and the majority could not mediate antibody-dependent cellular cytotoxicity. Most of the vaccine-induced gp41-reactive antibodies cross-reacted with host and IM antigens. Two of the candidate gp41-intestinal cross-reactive antigens were bacterial RNA polymerase and pyruvate-flavodoxin oxidoreductase, which shared sequence similarities with the heptad repeat 1 region of HIV gp41. Next-generation sequencing of vaccinee B cells demonstrated a prevaccination antibody that was reactive to both IM and the vaccineEnv gp140, which demonstrated the presence of a preexisting pool of gp41-IM cross-reactive B cells from which the vaccine gp41-reactive antibody response was derived.
CONCLUSION:
In this study, we found that the DNA prime-rAd5 boost HIV-1 vaccine induced a gp41-reactive antibody response that was mainly non-neutralizing and derived from an IM-gp41 cross-reactive B cell pool. These findings have important implications for HIV-1 vaccine design. Because IM antigens shape the B cell repertoire from birth, our data raise the hypothesis that neonatal immunization with HIV-1 envelope may be able to imprint the B cell repertoire to respond to envelope antigenic sites that may otherwise be subdominant or disfavored, such as Env broadly neutralizing antibody epitopes. Our data also suggest that deleting or modifying amino acids in the gp41 heptad repeat 1 region of Env-containing vaccine immunogens may avoid IM-gp41 cross-reactivity. Thus, an obstacle that may need to be overcome for development of a successful HIV vaccine is diversion of potentially protective HIV-1 antibody responses by preexisting envelope-IM crossreactive pools of B cells.
I
n acute HIV-1 infection, the dominant initial plasma antibody (Ab) response is to the gp41 subunit of the envelope (Env) glycoprotein of the virus (1) . This Ab response derives from polyreactive B cells that cross-react with Env and intestinal microbiota (IM) (2, 3) . However, it is unknown if a similar gp41-reactive Ab response would occur in the setting of HIV-1 Env vaccination. A DNA prime vaccine, with a recombinant adenovirus serotype 5 (rAd5) boost (DNA primerAd5 boost), a vaccine that included HIV gag, pol, and nef genes-as well as a trivalent mixture of clade A, B, and C env gp140 genes containing both gp120 and gp41 components-was studied in the HIV Vaccine Trials Network (HVTN) [phase Ib (HVTN 082), phase II (HVTN 204), and phase IIb (HVTN 505) efficacy trial] and other clinical trials [phase I/II (RV172) and phase I (V001)] (4-7). This vaccine was the first vaccine containing the ectodomain of the Env gp41 component, covalently linked to gp120, to be tested in an efficacy trial and was designed to generate primarily CD8 T cell responses, although this vaccine generated Env Ab responses as well (8) (9) (10) . However, the phase IIb HVTN 505 efficacy trial showed no vaccine efficacy (11) . Thus, these vaccine trials containing Env gp41 provided an opportunity to determine whether the Env Ab response in the setting of Env vaccination was dominated by gp41-reactive Abs derived from Env-IM cross-reactive B cells.
Isolation of Env-reactive memory B cells and vaccinee plasma serologies
We found that the DNA prime-rAd5 boost Ab response to HIV-1 Env was dominantly focused on gp41 compared with gp120. This specificity was demonstrated by both serologic analysis and vaccine-Env flow cytometry-sorted memory B cells. Plasma immunoglobulin G (IgG)-binding assays were performed on plasma of a random sample of 40 phase IIb (efficacy trial) vaccine recipients who were HIV-1 negative at the final, month 24, visit (11) (Fig. 1A) , as well as plasma of eight HIV-1 uninfected phase Ib and II DNA prime-rAd5 boost trial participants with high titers of plasma-binding Abs to recombinant (r) gp140 vaccine-Envs and/or neutralization of clade C HIV-1 isolate MW965 (Fig. 1B) . Plasma-binding gp41-reactive Ab titers were ≥10 times as much as gp120-reactive Ab titers, including Ab reactivity with vaccine-gp120s [(P < 0.0001) (Fig. 1A) , P < 0.01 (Fig. 1B) ; Wilcoxon signed rank test]. Thus, the nonprotective DNA prime-rAd5 boost gp140 vaccine induced a dominant HIV-1 Env gp41 response in plasma Abs.
Next, we performed single memory B cell sorting by flow cytometry using peripheral blood B cells from phase Ib and phase II DNA prime, rAd5-boost, trial participants. Vaccine-Env gp140 and V1V2 subunits-as well as a consensus group M gp140 Env (termed CON-S) (12)-were used as fluorophore-labeled recombinant proteins to identify Env-specific memory B cells present in peripheral blood mononuclear cells (PBMCs) of vaccinees 4 weeks after final vaccination (fig. S1 and table S1). We studied eight phase Ib and phase II DNA prime, rAd5-boost, trial participants; from these eight vaccinees, we isolated 221 HIV-1 Env-reactive Abs (Fig. 1C and (table  S3) . Remarkably, 205 out of 221 (205/221) (93%) of the HIV-1 Env-reactive Abs and 115/131 (88%) of the unique heavy chain sequences induced by the vaccine were gp41-reactive, with only 7% (16/221) gp120-reactive (tables S3 to S6). We used Ab gene transient transfections to perform enzymelinked immunosorbent assays (ELISAs) to determine gp41 versus gp120 reactivity (13) . Of the Env-reactive Abs, 16/16 (100%) gp120-reactive and 195/205 (95%) gp41-reactive Abs bound vaccinergp140 proteins. The 10 gp41-reactive Abs that bound only heterologous recombinant Env proteins likely recognized gp41 epitopes expressed on the vaccine protein generated by DNA or rAd5 that were not expressed on the rgp140 proteins.
We asked if there were indeed fewer gp120-reactive memory B cells from gp140-vaccinated individuals who received the DNA prime-rAd5 boost vaccine compared with gp140-reactive memory B cells. In three phase II trial vaccinee memory B cell samples, we found that Vaccine Research Center (VRC)-A gp120 bound to 0.37% of memory B cells compared with 0.55% of memory B cells by VRC-A gp140 (P < 0.001; CochranMantel-Haenszel test) ( fig. S2 ). Of the gp41-reactive and gp120-reactive Abs isolated from the eight phase Ib and II vaccinees, 112/221 (52%) were sorted using the group M consensus CON-S gp140 as a fluorophore-labeled hook. CON-S rgp120 bound to 0.05% memory B cells in comparison with 0.28% by CON-S gp140 (P < 0.001, CochranMantel-Haenszel test). Of total HIV-1 Env-reactive memory B cells, CON-S gp120 bound to 13% (38/292), whereas 87% of Env-reactive memory B cells (254/292) reacted with CON-S gp140 ( fig.  S2) . Therefore, the dearth of isolated gp120-reactive Abs was mirrored by low frequencies of gp120-memory B cells in the blood of vaccinees.
For comparison, we have previously studied an Env gp120-only immunization trial in humans and demonstrated that at peak immunization the frequency of memory B cells ranged as high as 0.73% gp120-reactive B cells (mean 0.23 ± 0.1%) (14) . In a rhesus macaque immunization study with gp120 alone, the frequency of memory B cells that were gp120-reactive was 3% (15) . Thus, in the setting of gp120-only immunizations in humans and rhesus macaques, the memory B cell response to gp120 is robust.
Heavy chain gene restriction for HIV-1 gp41-reactive memory B cell Abs
We analyzed the variable heavy chain gene families used by HIV-1-reactive Abs induced by the DNA prime-rAd5 boost gp140 vaccine. Gp41-reactive Abs had a mean heavy chain nucleotide mutation frequency of 2.5% ( fig. S3 ) and a median heavy chain complementarity-determining region 3 (HCDR3) length of 14 amino acids ( fig.  S4 ). Remarkably, of 137 total IGHV1-using Abs, 125 (91% of IGHV1-using Abs, 57% of total 221 HIV-1-reactive Abs) used a single V H segment, IGHV1-69 (table S7) . To rule out IGHV1-69 predominance as a result of polymerase chain reaction (PCR) primer bias, we examined the heavy chain gene usage of non-HIV-1-reactive Abs isolated from all eight vaccinees; only 12% (18/145) of non-HIV-1-reactive Abs used IGHV1-69 (P < 0.0001, Fisher's exact test). The 125 IGHV1-69-using HIV-1-reactive Abs all reacted with gp41, and 94 (75%) were found to be naturally paired with a kappa light chain and 31 (25%) with a lambda light chain. IGkV3-20 (48%, 60/94) and IGl2-14 (29%, 9/31) were the light chains preferentially paired with the IGHV1-69-using gp41-reactive Abs ( (table S11) . Moreover, next-generation sequencing (NGS) of prevaccination heavy chain V H DJ H rearrangements derived from RNA obtained from PBMCs of all eight vaccinees revealed~5% IGHV1-69-using B cells before vaccination (tables S12). Thus, the frequency of IGHV1-69-using B cells was the same in healthy subjects as in prevaccination B cells but was dominantly used in the gp41 postvaccination repertoire, which indicated that the postvaccination gp41-reactive Ab IGHV1-69 usage induced by the DNA prime-rAd5 boost vaccine was not due to heavy chain gene primer bias but rather was selected by the vaccine.
There are 13 known allelic variants of IGHV1-69 gene segment; 7 have a phenylalanine (F) at amino acid position 54 in the HCDR2 region (54F-HCDR2), and 6 have a leucine (L) (54L-HCDR2) (17) . The ratio of 54F-HCDR2 to 54L-HCDR2 IGHV1-69 allelic variants in the global population is estimated to be 3:2 (18). Neutralizing influenza and HIV-1-reactive Abs use 54F-HCDR2 IGHV1-69 gene segments to bind hydrophobic pockets in the stems of hemagglutinin (HA) (19, 20) and gp41 (21, 22) , respectively. Thus, we asked whether both allelic forms of the IGHV1-69 gene segment were equally represented in HIV-1 gp41-reactive Abs elicited by the DNA prime-rAd5 boost vaccine. Of 125 vaccine-induced IGHV1-69-using Abs, we found that 116 (93%) used 54L-HCDR2 variants, whereas only 9 (7%) used 54F-HCDR2 variants (Table 1 and table S5 cross-react with HIV-1 Env gp41 (23), we compared IGHV1-69 sequences of healthy control Abs (16), B-CLL Abs (23), and gp41-reactive Abs from phase Ib and II trials vaccine-recipients, for CLL archetypes previously described (25) . We found that the frequency of CLL archetype matches in our vaccine-induced IGHV1-69-using Abs (1.6%) was no different from healthy control IGHV1-69 sequences (2.3%) but differed from CLL Abs (10.6%) (vaccine-induced gp41-reactive versus CLL Abs, P = 0.002; vaccine-induced gp41-reactive Abs versus healthy controls, NS; CLL versus healthy controls 1. 
Site of reactivity of vaccine-induced gp41 Abs
We previously reported that gp41-reactive Abs from HIV-1-infected patients are cross-reactive with the 37-kD subunit of bacterial Escherichia coli (E. coli) RNA polymerase (2). We identified a short region of sequence similarity between gp41 and bacterial RNA polymerase with a shared amino sequence of LRAI (amino acid numbering 556-559 in gp41 (PDB: 1AIK) and 43-46 in bacterial RNA polymerase) (PDB: 1BDF) (fig. S8A). A structural alignment of HIV-1 Env gp41 (26) and bacterial RNA polymerase (27) showed that the a-subunit helices at the RNA polymerase dimer interface were similar to a portion of the gp41 heptad repeat 1 (HR-1) and heptad repeat 2 (HR-2) helices with a 1.30 Ǻ backbone atom root-mean-square deviation ( fig. S8 , B and C). This analysis raised the hypothesis that the VRC vaccine-induced gp41-reactive Abs may bind to the gp41 postfusion structure. To determine binding sites for vaccine-induced gp41-reactive mAbs on vaccine VRC-A gp140 protein, we proteolytically cleaved the gp140 protein with trypsin and analyzed the cleavage products on SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels in Western blot analysis with three VRC-A gp140-and gp41-reactive (DH438, DH440, and DH432) and control mAbs and used liquid chromatography-mass spectrometry (LC-MS). We found a~25-kD fragment of VRC-A gp140 that was blotted by the gp41, VRC-A gp140, and IM-reactive vaccine-induced mAbs and contained a peptide amino acid sequence (558-567, PDB: 1AIK) AIEAQQHLLQ that placed it in the HR-1 gp41 region overlapping with the LLRAIE gp41 sequence (amino acids 555-560, PDB: 1AIK) of HR-1 that was a putative cross-reactive region with the bacterial IM-protein, RNA polymerase ( fig. S9 ). Thus, one region of VRC-A gp140 bound by HIV-1 gp41-reactive mAbs was in the gp41 HR-1 region.
In order to identify additional candidate proteins in IM that cross-reacted with gp41-reactive Abs, SDS-PAGE gels were run with IM whole-cell lysates (WCLs) and analyzed in Western blots with VRC-A gp140, gp41, and IM-reactive IGHV1-69 mAbs DH438, DH440, and DH432. Analysis of IM sequences in bands reactive with one or more gp41-reactive mAbs revealed 19 candidate IM proteins by LC-MS (fig. S10, a and b). Alignment of candidate IM protein and gp41 sequences demonstrated one bacterial protein, pyruvateflavodoxin oxidoreductase, that had a sequence similar to that of gp41 HR-1 amino acids 555-560 LLRAIE, with an amino acid sequence in pyruvateflavodoxin oxidoreductase sequence amino acids 500-505 LLRGIK (fig. S10c). Thus, pyruvateflavodoxin oxidoreductase is a second candidate protein that may cross-react with HIV-1 gp41-reactive Abs. That this sequence similarity between gp41 and pyruvate-flavodoxin oxidoreductase was the same as found for the tryptic fragment of DH438-bound VRC-A gp140 ( fig. S9 ), as well as the sequence similarity found between gp41 and bacterial RNA polymerase ( fig. S8 ), raised the hypothesis that gp41-reactive Abs induced by the VRC vaccine bind to an HR-1 sequence in the gp41 postfusion conformation. Indeed, vaccineinduced gp41-reactive mAbs DH438, DH432, and DH440 bound to linear peptides containing the LLRAIE HR-1 sequence (table S20) , and 16/17 gp41-reactive mAbs bound a gp41 postfusion conformation recombinant protein (21) (table S16).
Polyreactivity of HIV-1-reactive mAbs
Binding to non-HIV-1 molecules was used to identify polyreactivity among these HIV-1-reactive Abs (28, 29) . Of the gp41-reactive mAbs, 11/17 (65%) reacted with ≥1 of 9 non-HIV-1 host proteins and nucleic acids ( Fig. 2B ). We found DNA prime, rAd5-boost, vaccine-induced gp41-reactive Abs to be reactive with WCLs of anaerobic (14/17, 82%) or aerobic (13/17, 76%) IM. Of gp41-reactive Abs, 47% were reactive with the 37-kD subunit of E. coli RNA polymerase that has been shown to cross-react with HIV-1 gp41-reactive Abs (2) (Fig. 2C and fig. S11, a and c) . In S11, b and c) . Collectively, DNA prime-rAd5 boost vaccine-induced gp41-reactive mAbs were more polyreactive than gp120-reactive mAbs (P < 0.005, CochranMantel-Haenszel test) ( Table 2) . From vaccinee 082-003, we found a prevaccination IgM V H DJ H rearrangement (DH477) that was clonally related to a postvaccination gp41-reactive IgG1 Ab, DH476. Direct comparison of these sequences revealed shared junctional sequences, identical HCDR3 length, and 85% HCDR3 nucleotide sequence homology (Fig. 3, A and B,  and fig. S12 ), which demonstrated that prevaccination DH477 and postvaccination DH476 Abs came from the same B cell precursor. In addition to being reactive with all three recombinant vaccine-Envs, the postvaccination Ab DH476 was reactive with rgp41 and with both anaerobe and aerobe IM-WCLs (Fig. 3, C, D, and F) . The prevaccine clonal lineage member DH477 was an unmutated IgM Ab complemented by the postvaccine DH476 light chain. Prevaccine Ab DH477 reacted with vaccine strain Env, MN gp41, and host and/or environmental antigens, including IM (Fig. 3, C to F, and tables S25 and S26). The prevaccine Ab DH477 had greater reactivity to IM than the postvaccine Ab DH476 (Fig. 3F ) and only bound VRC-A Env surface-expressed on human embryonic kidney 293 (HEK293) cells (Fig. 3E) but did not bind VRC-A, -B, or -C gp140 recombinant proteins (Fig. 3C) . Reactivity with IM-WCLs decreased from prevaccination Ab DH477 to postvaccination Ab DH476, whereas increased binding of vaccine Env gp140 , and anaerobe and aerobe WCLs of IM, bacterial (E. coli) RNA polymerase, MN gp41, and vaccine-strain VRC-A gp140 antigens (BAMA) (C). (B) All images were taken on an Olympus A×70 fluorescence microscope by using a 40× objective with a SPOT Flex camera. All images were prepared using 50 mg/ml of mAb. Images were acquired for 5 s (2F5 and 17b) or 10 s (DH432, DH438, DH440, DH443, and DH444). Scale bars, 25 mm. (A) and (B) Control Abs: 4E10 (gp41), 2F5 (gp41), 17b (gp41), and palivizumab (RSV). (C) MAb binding was reported as the shift in fluorescence intensity of a population of cells (MFI) versus background versus blank, where background is platespecific background binding, and blank represents nonspecific sample binding to a negative control bead. Positivity cutoff for binding was 100 MFI, as previously reported (2); AbCLL1324 as an IMreactive control was used to validate IM binding, and gp41 mAb 7B2 that does not react with IM was used as a negative control. Data shown were generated from the same commercially available kits [(A) and (B)], and a single BAMA experiment (C), which was in agreement with Ab-IM reactivity in Western blots ( fig. S10 or not shown).
NGS of prevaccine IgHV repertoires
aab1253-5 Binding of DH477 to VRC-A gp140 expressed on the surface of 293i cells. Anti-V3 mAb (19B) and a representative gp41-reactive Ab (DH440) from this study, both of which bind recombinant VRC-A gp140, were used as positive controls, whereas palivizumab (RSV Ab) was used as a negative IgG1 control. (F) The cross-reactivity of pre-(DH477) and post-(DH476) vaccine Abs with intestinal microbiota (IM) whole cell lysates (WCLs) was determined by means of Western blot and SPR as previously described (2) . DH438 (gp41-reactive Ab) and palivizumab were used as positive and negative control Abs, respectively, for Western blots, and the arrows indicate candidate IM antigens bound by DH476 and/or DH477. In SPR analysis, IM WCLs were diluted in PBS buffer as indicated and injected over mAbs captured on an IgFc-specific Ab immobilized sensor surface. Specific binding of the lysate proteins to the mAbs in SPR were measured after subtraction of nonspecific binding to HA-specific mAb CH65. Abbreviations: nt, nucleotides; aa, amino acid. Data shown in (C) to (F) were representative of duplicate experiments, except SPR screen of DH477 and DH476 for binding rgp140 proteins that was performed once (C).
and postfusion forms of gp41 was associated with vaccine-Env-induced affinity maturation (Fig. 3 , C to F). Thus, vaccine-Env gp41-reactive Ab response can indeed arise from a pool of IM-gp41 cross-reactive B cells that undergo postvaccination affinity maturation.
Discussion
In this study, we found that the DNA prime-rAd5 boost HIV-1 vaccine induced a non-neutralizing dominant Env gp41-reactive Ab response derived from a polyreactive B cell pool. These findings have important implications for HIV-1 vaccine design. The isolation of gp41 and IM-reactive B cells from uninfected individuals (2, 3) raised the hypothesis that the HIV-1 gp41-reactive Ab response in HIV-1 infection may in part result from HIV-1 gp41 stimulating a preinfection pool of B cells cross-reactive with IM and Env. We confirmed this hypothesis by the identification of a prevaccination IM, VRC-A gp140, and gp41-reactive Ab that was clonally related to a vaccine-induced Envreactive Ab (Fig. 3) .
The prevaccination gp41-reactive Ab DH477 was an unmutated IgM Ab, which suggested that it represented the receptor of a naïve B cell. Here, we demonstrated that an HIV-1 Envgp140 vaccine containing both gp120 and gp41 primarily induced a gp41-dominant Ab response, whereas previous gp120-only vaccines in humans (14) and rhesus macaques (15) induced a robust gp120-reactive memory B cell response. It has been demonstrated that B cells with higher affinity for an antigen can outcompete other B cells with lower affinity for the same antigen (33) (34) (35) , and B cells in vitro with similar, but slightly different, B cell receptors can compete for antigen binding (36) . Thus, our data raise the additional hypothesis that the dominant non-neutralizing IM cross-reactive gp41-reactive Abs outcompeted gp120-reactive Abs.
Of interest, the gp41-reactive Ab response was predominantly restricted to IGHV1-69 gene segment usage. Previously, IGHV1-69 has been noted for influenza stalk (20, 37) , HIV-1 gp41 hydrophobic pocket (21) , and membrane-proximal region Ab responses (38) . That the gp41 Ab response constituted predominantly IGHV1-69 memory B cells that used the 54L-HCDR2 IGHV1-69 alleles suggested that the 54L-HCDR2 IGHV1-69 gene allele variant was the predominant IGHV better able to structurally recognize the dominant gp41 epitope expressed by the DNA primerAd5 boost vaccine. However, it is important to note that prevaccine Ab DH477 used the 54F-HCDR2 variant of IGHV1-69 ( Fig. 3 and fig. S12 ), whereas the clonally related postvaccine Ab DH476 used the 54L IGHV1-69 variant (table  S5 and fig. S12 ). Thus, a second mechanism of 54L VH1-69 usage was via somatic hypermutations to recognize gp41 epitopes presented by gp140 immunogens in the DNA prime-rAd5 boost vaccine.
One hypothesis for vaccine optimization is to use a native trimer containing gp41 to attempt to induce broadly reactive neutralizing Abs (bnAbs) (39, 40) . These immunogens contain the recently described gp41-gp120 conformational bnAbs epitopes (41-44) but not the membrane-proximal portion of gp41-neutralizing epitopes (45, 46) . The Env insert in the VRC Env DNA-Ad5 vaccine had a partial deletion in the C-C loop of gp41, unlike the native Env. Although it has been reported that another HIV-1 Env vaccine with the gp41 C-C loop intact has also induced high levels of gp41-reactive Abs (47) , this vaccine has not been studied in an efficacy trial, nor have its vaccine-induced gp41-reactive mAbs been characterized, not even for environmental or IM cross-reactivity. In nonhuman primate studies, gp41-reactive plasma Abs have been reported to be both protective (48, 49) and nonprotective (50, 51) . Defining the B cell compartment from which polyreactive gp41-reactive B cells originate and determining how they are regulated are important areas of future study. The low proportion of gp120 Abs does not exclude the possibility that additional Abs were generated against other forms of the ectodomain, for example, conformational epitopes. Future studies will evaluate this possibility.
Thus, as in HIV-1 infection, Env vaccination can induce polyreactive, non-neutralizing gp41-reactive Ab repertoire responses from preexisting B cells that can be cross-reactive with IM. Because the B cell repertoire can be imprinted at birth by IM antigens (32) , our data raise the hypothesis that neonatal immunization with HIV-1 Env may be able to imprint the B cell repertoire to respond to Env antigenic sites that may otherwise be subdominant or disfavored, including Env broadly neutralizing Ab epitopes (52, 53) . In this regard, Goo et al. recently reported that HIV-1-infected infants can make broadly neutralizing Abs, and in some cases, such Abs arise within the first year of life (54) .
Finally, if similar diversion toward dominant polyreactive gp41-reactive Abs is found with other gp41-containing vaccine regimens with intact gp41, the data in this study suggest that one region of gp41 in vaccine immunogens that might be considered for deletion or modification to avoid IM-gp41 cross-reactivity in the setting of vaccination includes amino acids in the gp41 HR-1 region.
Materials and methods

Clinical trial samples
Vaccine-induced Ab repertoires were studied 4 weeks after final vaccination (rAd5 boost) in plasma and blood-derived memory B cells of four HVTN 204 (5), and four HVTN 082 (Protocol HVTN 082; DIADS Document ID 10771) trial participants, as well as in plasma only from an additional 40 HVTN 505 vaccine recipients (11) . Vaccinees were HIV-1 seronegative adults enrolled in the phase Ib HVTN 082 (Protocol HVTN 082; DIADS Document ID 10771) and phase II HVTN 204 (Protocol HVTN 204; BB IND 12326 HELD BY DAIDS) (5) trials that studied the DNA prime-rAd5 boost vaccine. From n = 480 (HVTN 204), the four participants chosen for our study displayed plasma binding reactivity with vaccine strain Envs, and/or neutralization of clade C MW965 HIV-1 isolate. From n = 8 (HVTN 082, four twin pairs), we selected one individual from each twin pair to study genetically different subjects. All study samples were obtained by informed consent, and all studies were approved by the Duke University Institutional Review Board. sciencemag.org SCIENCE Table 2 . Polyreactivity of DNA prime-rAd5 boost vaccine-induced gp41-reactive and gp120-reactive mAbs. Abs were screened for cross-reactivity with anaerobe and aerobe WCLs of IM from human stool and recombinant bacterial (E. coli) RNA polymerase (BAMA); host antigens (AtheNA); HEp-2 cells (IFA, indirect fluorescence Ab assay, Zeuss Scientific); and cardiolipin (QUANTA Lite ACA IgG III). P values were generated by means of Fisher's exact test (SAS v9.3) or, for all Abs, CochranMantel-Haenszel test controlling for antigen (SAS v9.3). (21), and MN gp41 proteins (Product 10911, ImmunoDX) binding was measured by injecting Env proteins at varying concentration (0.5 to 500 mg/ml) over each mAb captured on human IgFc-specific immobilized Ab (Millipore) on a CM5 sensor surface as previously described (58) . Nonspecific binding to the control palivizumab mAb and signal drifts from phosphate-buffered saline (PBS) were used for double referencing and to measure specific binding responses. Rate constants for association and dissociation (k a and k d , respectively) were measured by global curve fitting to a 1:1 Langmuir model as described previously (58) . For gp41 proteins (MN gp41 and 5-helix) binding to prevaccine Abs, rate constants could not be reliably measured because of saturation of binding responses at relatively lower antigen concentrations, and values for the dissociation constant (K d ) were measured using steady-state analysis. Postvaccine Abs did not show this limitation when binding to either MN gp41 or 5-helix gp41 proteins (Fig. 3) .
Ab staining of cell surface-expressed HIV-1 VRC-A gp145
For the surface expression of VRC-A gp145, HEK293i cells were transfected with pHV130770 plasmids using ExpiFectamine 293 Transfection Kits (Life Technologies, A14525, Grand Island, NY) following the manufacturers' protocol. The cells were washed with four volumes of room-temperature phosphate-buffered saline (DPBS) (Life Technologies 10010-023) and centrifuged (500g for 5 min). Cells (10 6 ) were resuspended in 80 ml of staining buffer (1% BSA in DPBS) to which were added 20 ml of diluted Abs (1 mg per reaction). After incubation (1 hour at 4°C) with shaking, cells were washed and centrifuged (500g). Cells were incubated with either 20 ml isotype-APC control (BD cat. 555751) or 20 ml human IgG-APC-specific (BD cat 550931) for 30 to 45 min at 4°C, protected from light. After washing and fixation, cells were analyzed by flow cytometer (BD LSRFortessa).
Ab polyreactivity
Vaccine-induced polyreactivity of Abs was assessed by using commercially available kits (AtheNA Multi-Lyte System and HEp-2 cell immunofluorescence assay, Zeus Scientific; anticardiolipin ELISA -QUANTA Lite ACA IgG III, Inova Diagnostics, San Diego, CA) (3). Reactivity with WCLs of anaerobic and aerobic IM extracts of stool specimens (3) was determined by using BAMA and Western blot (WB), as described previously (2) . For WB analysis, 20 mg/ml of mAbs was used to test reactivity with 100 mg of IM WCLs. SPR analysis of IM WCL samples was performed on a BIAcore 3000 instrument (GE Healthcare), as previously described (2), with some modifications. IM WCL samples were spun down to remove aggregates, and each lysate sample (total protein concentrations of 7.87 and 7.97 mg/ml for aerobic and anaerobic lysates, respectively) was diluted in PBS buffer (1:1 or 1:2) and injected over each mAb captured over a human IgFc-specific Ab immobilized on a C1 sensor chip. Specific binding of the lysate proteins to the mAbs was measured after subtraction of nonspecific binding to HA-specific mAb CH65, and binding responses were measured at postinjection report point (10 s after injection).
Proteomic analysis of IM proteins and HIV-1 VRC-A gp140
SDS-PAGE gels were run with IM proteins, and Western blot analysis was performed with three VRC-A gp140 and MN gp41-reactive, IM cross-reactive IGHV1-69-using mAbs: DH440, DH432, and DH438. Bands were cut from gels that were reactive with one or more of these mAbs in Western blot, and we performed proteomic analysis by LC-MS of tryptic fragments of these protein bands to identify the reactive protein. One of these bands (An1) was recognized by all three gp41-reactive mAbs, and an identified protein in the WB-reactive band An1 ( fig. S10 ) was bacterial pyruvate-flavodoxin oxidoreductase (National Center for Biotechnology Information, NIH, accession no: WP_022497386).
In order to directly determine where on the VRC-A gp140 protein the vaccine-induced gp41 mAbs bound, we proteolytically cleaved the gp140 protein with trypsin and then analyzed the cleavage products by WB analysis. One of the reactive bands (~25 kD) that blotted with the gp41-reactive mAb tested was identified by LC-MS proteomic analysis after reduction and alkylation.
Sequence and structural similarities of HIV-1 Env gp41 and bacterial proteins Alignment of bacterial protein identified by LC-MS with gp41 Env sequences was assessed by BLAST analysis of the VRC-A, VRC-B, and VRC-C gp140 and MN gp41 amino acid sequences against sequences of 19 candidate proteins identified in IM by LC-MS. We used a cutoff E-value of <1 to allow for short stretches of sequence matches. The BLAST search returned only one similar region in pyruvate flavodoxin oxidoreductase, where sequence similarity was observed below the E-value cutoff between bacterial proteins and the gp41 ectodomain. The H1 helices at the homodimer interface of the a subunit of RNA polymerase (PDB: 1BDF) were structurally aligned to the six-helix bundle conformation of gp41 (PDB: 1AIK), by using an implementation of the Kabsch algorithm.
Ab functional characterization
Purified mAbs were screened for neutralization by means of TZM-bl assay (59, 60) , ADCC (61, 62) , and infectious virion capture (63) of HIV-1 isolates.
PCR isolation of heavy and light chain genes
Heavy (IGHV) and light (IGKV, IGLV) chain genes were isolated by means of single-cell PCR (13, 64) , and the sequences were computationally determined as described (65) (66) (67) . Inferences of the genetic features of the immunoglobulin IGHV, IGKV, and IGLV sequences were previously described (68, 69) .
Expression of IGHV, IGKV, and IGLV chains as full-length IgG1 rmAbs
Plasmids encoding the IGHV, IGKV, and IGLV genes were generated and used for recombinant monoclonal Ab (rmAb) production in human embryonic kidney cell lines (ATCC, Manassas, VA) (13, 38) , by means of small-scale transfection and as purified mAbs in larger quantities (70, 71) . Purified rmAbs were dialyzed against PBS, analyzed, and stored at 4°C.
Clonal lineage determination
Sequences were subject to statistical analysis for lineage membership. Briefly, sequences were organized into clans, by definition sharing inferred IGHV and IGHJ genes and CDRH3 length. Within these clans, we used agglomerative clustering using a Bayesian phylogenetic merit function as follows. To calculate the score for the hypothesis that a given sequence is a member of a lineage L, we compute the posterior likelihoods under the phylogenetic hypotheses that they are and are not members of the same clone. The Bayes factor for this comparison is the objective function for clustering. Sequences were taken in succession and placed into the lineage (including an empty lineage, i.e., founding a new lineage) that maximizes the objective function. The automated inference was followed up by visual inspection of the DNA sequence alignments for confirmation.
Statistical analysis Statistically significant differences in the profiles of gp120-reactive and gp41-reactive Abs were determined by means of various tests (as indicated for each table and figure) in SAS software (SAS v9.3). A P < 0.05 determined statistical significance.
NGS
PBMC-extracted RNA was used to generate cDNA amplicons for pyrosequencing (Illumina). RNA isolated from vaccinee PBMCs was separated into two equal aliquots before cDNA production; cDNA amplification and NGS were performed on both aliquots as independent samples. IGHV genes were amplified by means of a modification of the processes previously described (13) . The reverse transcription (RT) reaction was carried out in 30-ml reaction mixtures at 55°C for 1 hour after addition of 50 units/reaction of Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA), 40 units/reaction of RNaseOUT (Invitrogen), 25 mM deoxynucleotide triphosphates (dNTPs) (Invitrogen), 5× first strand buffer (Invitrogen), 0.1 mM DTT (Invitrogen), and 25 mM human IgA, IgG, and IgM constant region primers as previously described (13) . After cDNA synthesis, IGHV1-IGHV6 genes were amplified separately for IgA, IgG, and IgM isotypes by two rounds of PCR in 96-well PCR plates in 50 ml reaction mixtures. The first-round of PCR contained 5 ml of RT reaction products, 1 unit of iProof DNA polymerase (Biorad), 10 ml 5× iProof GC buffer (Biorad), 10 mM dNTPs (Invitrogen), 50 mM MgCl 2 (Biorad), and 25 mM of IgA, IgG, or IgM constant region primers and sets of IGHV-IGHV6 variable region primers (table S23) . The first round of PCR was performed at 98°C ×1 min followed by 25 cycles of 98°C ×15 s, 60°C ×15 s, 72°C ×35 s, and one cycle at 72°C ×7 min. First-round PCR products were purified by using a QIAquick PCR purification kit (Qiagen) and eluted into 50 ml of DNase/RNase-free distilled water. Nested second-round PCR was performed in 50 ml of reaction mixture with 5 ml of purified first-round PCR product, 1.25 units/reaction Platinum Taq DNA Polymerase High Fidelity (Invitrogen), 10 mM dNTPs, and 5 ml of Nextera index kit barcodetagged primers (Illumina). During the second round of nested PCR, the IGHV1-IGHV6 primers were amplified in separate reaction mixes for each variable region primer. The second round of PCR was performed at 94°C ×2 min followed by three cycles of 94°C ×15 s, 55°C ×30 s, 68°C ×30 s; seven cycles of 94°C ×15 s, 60°C ×30 s, 68°C ×30 s; and one cycle at 68°C ×10 min. Samples of IGHV chain PCR products were analyzed on 2% agarose gels before total sample purification by means of gel extraction (QIAquick gel extraction kit; Qiagen) and eluted into 25 ml of DNase/RNase-free distilled water. IGHV1-IGHV6 cDNA amplicons (5 ml) were pooled for each immunoblobulin isotype. Pooled IgA, IgG, and IgM cDNA amplicons were quantified using the KAPA SYBR FAST qPCR kit (KAPA Biosystems). IgA, IgG, and IgM samples at 4 nM were selected for NGS. IgA, IgG, and IgM samples were denatured with NaOH (1×) and then mixed with hybridization buffer. Denatured samples were mixed with 35% (by volume) PhiX control/nonrelevant DNA (Illumina) in a final reaction mixture, from which 600 ml were loaded to Illumina MiSeq kit v3 for 600 cycles of PCR amplification. We have previously shown that the primer set used here does not induce primer IGHV bias (3) .
NGS-generated sequences were processed and analyzed computationally according to the following protocol; Illumina reads were discarded if they did not meet the following criteria: ≥30 Phred quality score (corresponding to 99.9% base call accuracy) for at least 95% of all base positions in the sequence. Primer sequences were removed from the reads, and only unique sequences were retained. The unique sequences were then analyzed using the Cloanalyst software suite (72) to infer the IGHV rearrangements (V H DJ H ) and to determine clonal relatedness. Illumina NGS was performed independently on duplicate samples (RNA samples split into two aliquots for independent cDNA production, amplification, and deep sequencing). Illumina runs were performed with independent Illumina kits. For the purpose of gene counting, only sequences that appeared in both duplicate runs (no mismatches in the coding region) were used (tables S12 and S24). For the identification of prevaccine lineage members, replication was not required. The statistical methods we used are not sensitive to random sequencing error, and the likelihood that sequencing errors would produce artifactual apparent lineage membership in an otherwise unrelated sequence is negligible.
We used NGS to study the prevaccination samples of all eight vaccinees in the study, and we found three vaccinees whose prevaccination samples had Abs that were in the same Ab clan (same V H DJ H and HCDR3 length and similarity), but two of these prevaccination Abs had ambiguities in their junctional sequences and shared mutations versus allelic differences, such that a definitive conclusion could not be reached that the prevaccination and postvaccination V H DJ H originated from the same B cell. However, in the case of the prevaccination DH477 and postvaccination DH476 Abs, from the shared mutations and junctional sequences, we could definitively state that they arose from the same B cell. In order to investigate the binding specificities of the pre-(DH477) and post (DH476) vaccine Abs, preand postvaccine V H chains were paired with the natural light chain of the postvaccine Ab.
